Background
Introduction
Diastolic heart failure (HF) is defined by the signs and symptoms of heart failure, along with left ventricular (LV) diastolic dysfunction and normal or mildly impaired LV systolic function. [1, 2] A number of previous studies have shown that diastolic HF accounts for one-third to half of the cases of HF in the general population, and its prevalence is steadily increasing. [3] [4] [5] In addition, Redfield et al. have shown that diastolic HF was even more common than HF with reduced ejection fraction (EF). [5] Patients with diastolic HF were also found to have significantly higher morbidity and mortality compared to the general population. [5] [6] [7] Moreover, the clinical outcomes of patients with diastolic HF were shown to be comparable with those of HF patients with reduced systolic function. [4, 8] Several conditions that are prevalent in patients with end-stage renal disease (ESRD)-such as hypertension, diabetes mellitus (DM), coronary artery disease, and anemia-are known to be implicated in the pathogenesis of diastolic dysfunction. In ESRD patients, chronic volume overload, oxidative stress, inflammation, and abnormal mineral metabolism have been shown to contribute to the development of diastolic dysfunction. [9] [10] [11] Thus, diastolic dysfunction and left ventricular hypertrophy (LVH) are the most common echocardiographic findings in patients with ESRD. [9] Diastolic dysfunction can be diagnosed by Doppler echocardiography. Echocardiography is a commonly used to confirm cardiovascular risk and to guide treatment in ESRD patients on dialysis. [12] Earlier studies on LV mass index (LVMI), LVEF, and LV chamber volume have provided valuable information on these patients. Recent studies have shown that diastolic dysfunction, defined as the increased ratio of early mitral flow velocity (E) to early mitral annulus velocity (E') (E/E') and/or high left atrium (LA) volume index (LAVI), is also an independent predictor of mortality in chronic dialysis patients. [13, 14] However, the impact of diastolic dysfunction on clinical outcomes has rarely been investigated in new ESRD patients starting dialysis. Furthermore, the potential association in this population between diastolic dysfunction with preserved LV systolic function and poor cardiovascular outcomes has not been previously investigated.
Therefore, in the present study, we aimed to determine the clinical consequences of diastolic dysfunction and the echocardiographic parameters of diastolic dysfunction that can be used to significantly predict cardiovascular events in incident dialysis patients with preserved LV systolic function.
Methods

Patients
For this prospective observational cohort study, we initially recruited 293 patients who started hemodialysis (HD) or peritoneal dialysis (PD) at the Yonsei University Health System, Seoul, Korea, between July 2008 and August 2012. We excluded 24 patients who did not undergo echocardiography due to noncompliance or other personal reasons. Of the remaining 269 patients, 75 patients were excluded for the following reasons: previous history of cardiac surgery (n = 6) or kidney transplantation (n = 16), moderate to severe valvular heart disease (n = 9), active infection (n = 8), active malignancy (n = 5), and follow-up duration of less than 3 months (n = 6). In addition, 25 patients with LV systolic dysfunction (EF<50%) were also excluded. Thus, a total of 194 patients were included in the final analysis (S1 Fig.) .
The study was performed in accordance with the Declaration of Helsinki and approved by the Institutional Review Board of Yonsei University Health System Clinical Trial Center. Informed written consent was obtained from each patient before participation in the study.
Data collection
Demographic and clinical data including age, gender, comorbidities, and medications, were recorded at dialysis initiation. Cardiovascular (CV) disease was defined as a history of coronary, arrhythmia, peripheral vascular disease, or cerebrovascular; coronary arterial disease (CAD) was defined as a history of percutaneous coronary intervention, coronary artery bypass grafts, myocardial infarction, or angina; cerebrovascular disease was defined as a history of transient ischemic attack, ischemic stroke, cerebral hemorrhage, or carotid endarterectomy; and peripheral vascular disease was defined as a history of claudication, ischemic limb loss and/or gangrene, or peripheral revascularization procedure. Cardiovascular events were designated as events requiring hospitalization or going to the emergency room because of cardiovascular disease. Laboratory data were measured using fasting blood samples obtained close to the time of discharge when the patients were considered to be clinically stable and in an euvolemic state, and were drawn prior to the start of a midweek HD session in HD patients and 2 hours after the first PD exchange with 1.5% dextrose dialysate in PD patients. The following data were measured: levels of hemoglobin, blood urea nitrogen, serum creatinine, calcium, phosphorus, albumin, total cholesterol, triglyceride, intact parathyroid hormone (iPTH), alkaline phosphatase, sodium, potassium, bicarbonate, iron, ferritin, high-sensitivity C-reactive protein (hs-CRP), N-terminal proB-type natriuretic peptide (NT-proBNP), cardiac troponin T (cTnT). Moreover, 24-hour urine collection was performed to determine the residual urine volume, 24-hour urinary protein, urea, and creatinine excretion values. Ultrafiltration was defined as the amount of fluid removed during the mid-week HD session to achieve dry weight in HD patients and as the net drained volume of PD fluid for 24 hours in PD patients. Ultrafiltration was determined every 3 months in both HD and PD patients.
Echocardiography
Echocardiographic examinations were performed close to the time of discharge on a nondialysis day for HD patients and on the day before the discharge date with an empty abdomen for PD patients, based on the imaging protocol recommended by the American Society of Echocardiography. [15] Comprehensive echocardiographic measurements were obtained using an ultrasound machine (Vivid 7; GE Vingmed Ultrasound AS, Horten, Norway) with a 2.5 MHz probe. LVEF, an indicator of LV systolic function, was calculated using a modified biplane Simpson's method from the apical two-chamber and four-chamber views. LV mass was determined based on the area-length process using the method described by Devereux et al. [16] and LVMI was calculated by dividing the LV mass by the body surface area. Mitral inflow was measured by Doppler echocardiography from the apical four-chamber view, with the Doppler beam aligned parallel to the direction of flow and with a 1-2 mm sample volume placed between the tips of the mitral leaflets during diastole. The mitral inflow profiles were used to measure the peak mitral inflow velocities at the early (E) and late (A) diastole, its deceleration time (DT), and the isovolumetric relaxation time. Doppler tissue imaging of the mitral annulus was also obtained. From the apical four-chamber view, a 1-2 mm sample volume was placed at the septal and lateral mitral annulus, and the average of the two values was used to evaluate the early (E') and late (A') diastolic peak velocities. Moderate to severe diastolic dysfunction was defined as E/E'>15. [2] LA volume was assessed using the biplane area-length method from the apical two-chamber and four-chamber views and was indexed for body surface area. Measurements were obtained in end-systole from the frame preceding mitral valve opening. A moderately to severely enlarged LA was defined as LAVI>32 mL/m 2 . [17, 18] 
Statistical analysis
Statistical analyses were performed using SPSS for Windows, version 18.0 (SPSS, Inc., Chicago, IL, USA). Continuous variables were expressed as mean ± standard deviation or median (interquartile range), and categorical variables as a number (percentage). Patients were divided into two groups according to the presence of CV events-the CV event-free group and CV event group. The baseline characteristics were compared between these two groups using Student's ttest or Mann-Whitney U tests for continuous variables and the chi-square test for categorical variables. Furthermore, the relationships between echocardiographic parameters were determined by Pearson's correlation analysis. Cumulative survival curves were generated by the Kaplan-Meier method, and between-group survival was compared by a log-rank test. The independent prognostic values of LAVI and E/E' for CV events were ascertained by multivariate Cox proportional hazards regression analysis, which included variables with a P value of <. 10 in the univariate Cox analysis as well as traditional CV risk factors. In addition, the predictive values of E/E' and LAVI for CV events were compared using the calculated area under the receiver operating characteristic curve (AUC). P values of <. 05 were considered statistically significant.
Results
Patient characteristics
The baseline patient characteristics are shown in Table 1 . The mean age was 57.9 ± 14.5 years, and 114 patients (58.8%) were male. The most common cause of ESRD was DM (46.9%), followed by hypertension (22.7%). A total of 155 patients (79.9%) were treated with HD and 39 patients (20.1%) were treated with PD. All PD patients started with continuous ambulatory peritoneal dialysis patients. During the follow-up duration, however, 5 patients out of 39 patients changed to automated PD. When the patients were divided into two groups according to dialysis modality, HD patients were significantly older than PD patients (P = .001) and significantly more patients were taking aspirin in the HD group compared to patients on PD (P = .001), while serum creatinine concentrations were significantly higher in PD patients compared to the HD group (P = .009). However, there were no significant differences in the other baseline characteristics between the two groups.
Clinical and laboratory findings according to the presence of CV events
During a mean follow-up duration of 27.2 months, 57 patients (29.4%) experienced CV events. We divided the patients into two groups according to the presence of CV events, and compared the baseline clinical and laboratory findings between the two groups ( Table 2 ). The following variables were significantly higher in the CV event group than in the CV event-free group: age; the proportion of patients with DM, CAD, arrhythmia, cerebrovascular disease, or chronic lung disease; systolic blood pressure (BP); 24-hour urine volume; serum NT-proBNP concentrations, and the proportion of patients receiving clopidogrel. In contrast, there were no significant differences in gender; dialysis modality; the proportion of patients with peripheral artery disease; diastolic BP; and levels of hemoglobin, calcium, phosphate, albumin, iPTH, hs-CRP, and cTnT between the two groups. The use of anti-hypertensive agents, vitamin D medication, and erythropoiesis-stimulating agents were also comparable between the two groups.
Echocardiographic parameters according to the presence of CV events Table 3 presents the echocardiographic parameters of the two groups. Compared to the CV event-free group, LV end-diastolic diameter (LVEDD), LVMI, E/E', DT, LA volume and LAVI, and RVSP were significantly higher, whereas LVEF and E' were significantly lower in patients with CV events. However, there were no significant differences in LV posterior wall thickness, interventricular septal thickness, LV mass, E/A, and right atrial pressure between the two groups.
Correlations between echocardiographic parameters
Pearson's correlation analyses revealed that there was a significant positive correlation between E/E' and LAVI. In addition, E/E' and LAVI had significant positive correlations with LAD, E/ A, LVMI, RVSP, and RAP, and a significant inverse relationship with DT (Table 4) .
CV events according to clinical, laboratory, and echocardiographic findings
Patients were classified into 4 groups based on E/E' and LAVI values. Comparisons were made between the groups based on baseline clinical characteristics and laboratory findings (Table 5) . Patients in group 4, defined as E/E'>15 and LAVI>32 mL/m 2 , were significantly older, had significantly higher BMI, systolic BP, prevalence of CAD and arrhythmia, and NT-proBNP concentrations, but a significantly lower 24-hour urine volume compared to those in group 1 (E/E'15 and LAVI32 mL/m 2 ). Moreover, LVEDD, LVMI, E/E', E/A, LAD, and LAVI were significantly higher, whereas LVEF, E', and DT were significantly lower in group 4 than in group 1. Furthermore, patients in group 4 had a significantly worse CV event-free survival rate HD, hemodialysis; PD, peritoneal dialysis; BMI, body mass index; BP, blood pressure; GN, glomerulonephritis; DM, diabetes mellitus; CCI, Charlson comorbidity index; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; iPTH, intact parathyroid hormone; hs-CRP, high-sensitivity C reactive protein; NT-proBNP, N-terminal pro B-type natriuretic peptide; cTnT, cardiac troponin T; RAS, renin-angiotensin-system; CCB, calcium channel blocker; ESA, erythropoietin stimulating agent.
Data are expressed as mean ± SD, number (percentage), or median (range).
doi:10.1371/journal.pone.0118694.t001 , and the CV event-free survival rate was worst in group 4 (log-rank test, P<. 001) (Fig. 1) .
Clinical, laboratory, and echocardiographic findings as independent risk factors for CV events
Univariate Cox proportional hazards analysis revealed that clinical and laboratory findings such as age, history of DM, CAD, cerebrovascular disease, arrhythmia, serum albumin and NT-proBNP levels, and 24-hour urine volume were significantly associated with CV events. Among the echocardiographic parameters, LVEF, E/E', E', LAD, and LAVI were significant risk factors for CV events. In addition, E/E'>15, LAD>45 mm, and LAVI>32 mL/m 2 had significant associations with CV events (Table 6 ). In multivariate Cox analysis, LVEF, E/E', LAVI, E/E'>15, and LAVI>32 mL/m 2 were shown to be significant independent predictors of CV events even after adjusting for age, sex, dialysis modality, smoking, history of DM, CAD, CVD and arrhythmia, hemoglobin and serum albumin concentrations, and 24-hour urine volume. Among these parameters, E/E'>15 and LAVI>32 mL/m 2 had significant power to predict : HR = 5.56, 95% CI = 2.28-13.59, P <. 001) ( Table 7 ). In addition, E/E' and LAVI provided higher predictive values for CV events than other echocardiographic parameters such as LVEF and E' (E/E': AUC = 0.802, P <. 001; LAVI: AUC = 0.742, P <. 001) (Fig. 2) . To determine whether the impact of E/E' and LAVI on the clinical outcome was differential according to dialysis modality or the presence of DM, additional Cox proportional analyses were performed. When the analysis was conducted in HD and PD patients separately, either E/E'>15 or LAVI>32 mL/m 2 was revealed to be a significant independent risk factor for CV events, even after adjusting for confounding factors. Coexistence of E/E'>15 and LAVI>32 mL/m 2 also had a significant power to predict CV events (HR = 5.34, 95% CI = 2.67 to 10.65, P < 0.001) in HD patients, which were consistent with the results of all the patients. However, in PD patients, E/E'>15 and/or LAVI>32 mL/m 2 were not significant predictors for CV events. We surmised that it was due to a small number of patients (n = 39) and CV events (n = 7) in PD patients. Further multivariate Cox analysis showed that E/E'>15, LAVI>32 mL/ m 2 , and coexistence of E/E'>15 and LAVI>32 mL/m 2 were significant independent predictors of CV events in both DM and non-DM groups, even after adjusting for age, sex, dialysis modality, smoking, history of CAD, CVD and arrhythmia, hemoglobin and serum albumin concentrations, and 24-hour urine volume (Table 8) .
Discussion
Previous studies have found that diastolic dysfunction, defined as increased E/E' and/or high LAVI, is an independent predictor of CV morbidity and mortality in the general population and, more specifically, in ESRD patients on chronic dialysis. [6, 13, 14, 17, 18, 20] However, the impact of diastolic dysfunction on the clinical outcomes has never been investigated in incident dialysis patients with preserved systolic function. The results of the current study show that E/ E'>15 and LAVI>32 mL/m 2 are independent predictors of CV events in this population. In addition, patients with both E/E'>15 and LAVI>32 mL/m 2 have the worst CV outcomes compared to those with either E/E'>15 or LAVI>32 mL/m 2 . Diastolic dysfunction is frequently observed in ESRD patients on dialysis. It is also well known that diastolic dysfunction is closely associated LVH. [21] LVH is known to occur in >70% of incident ESRD patients and increases the risk for cardiovascular event in patients on dialysis. [22] [23] [24] [25] Moreover, LVH has been revealed to be a significant independent predictor of CV outcome in patients with ESRD. Furthermore, the change in LVH has been found to be a strong prognostic factor in these patients. [26] A previous prospective study on 161 prevalent HD patients showed that the rates of the increase in LVMI were significantly higher in patients with incident CV events compared to those without such events; moreover, the relative risk of adverse CV outcomes was significantly higher in patients with changes in LVMI above the 75 th percentile than in those with changes below the 25 th percentile (HR = 2.01, 95% CI = 1.46-2.54). [27] Similarly, in a cohort study of 153 incident HD patients, the HRs associated with a 10% reduction in LV mass were 0.78 for all-cause mortality and 0.72 for CV mortality during a mean follow-up duration of 54 months. [28] In that study, a partial regression of LV mass also resulted in improved patient survival even after adjustment for age, gender, DM, history of CV disease, baseline LVMI, and all nonspecific CV risk factors. However, the results of the present study failed to show an independent prognostic effect of LVMI on CV events in incident dialysis patients with preserved systolic function. Most of the aforementioned studies did not include E/E' and LAVI in their analysis, and LVMI had a significant positive correlation with E/E' and LAVI in our study. Therefore, the influence of LVMI on clinical outcomes was attributed to diastolic dysfunction rather than LVH per se. In a similar context, we have previously demonstrated that LAVI, unlike LVMI, was an independent risk factor for all-cause and CV mortality in 216 PD patients, when LVMI, E/E', and LAVI were included in the analysis. [17] Kim et al. also found that E/E' and LAVI were significant independent predictors of the decline of residual renal function, and E/E'>15 was significantly associated with future CV events in 82 incident PD patients, while LVH was not. [20] Accumulating evidence indicates that CAD is another risk factor for diastolic dysfunction. Although previous studies have shown that CAD is less common in diastolic HF patients compared to HF patients with reduced EF, [29] the prevalence of CAD is not low. O'Connor et al. have shown that CAD was present in 65% of 2,498 patients with New York Heart Association class II to IV symptoms and EF>40%. [30] In addition, a large cohort study of patients from the Acute Decompensated Heart Failure National Registry (ADHERE) has demonstrated that 50% of 26,322 HF patients with preserved systolic function had CAD. [31] Moreover, Sharma et al. found that the prevalence of severe CAD was 52% in 38 ESRD patients, whose LV end-diastolic pressure was 15 mmHg at cardiac catheterization. [13] In the current study, only 23.9% of patients with E/E'>15 and LAVI>32 mL/m 2 had a history of CAD. Kim et al. also previously showed that CAD was present in 17.4% of the 46 incident PD patients with LAVI>32 mL/m 2 . [32] We infer that the discrepancy in the prevalence of CAD can be attributed to differences in patient age, ethnicity, BMI, and duration of dialysis. Moreover, the proportion of patients with CAD was significantly higher in patients with CV events compared to the CV event-free group (24.6% vs. 9.5%, P = .008). Furthermore, univariate Cox analysis revealed that CAD was significantly associated with CV events. However, the significant impact of CAD on CV events disappeared when diastolic echocardiographic parameters were included in the multivariate analysis, whereas the predictive power of E/E' and LAVI for CV events remained significant even after adjusting for CAD. Based on these findings, it is presumed that diastolic dysfunction is a more significant risk factor for future CV events than a history of CAD and seems to partly contribute to the occurrence of CAD in Korean incident dialysis patients with preserved EF, among whom severe CAD was less prevalent.
The gold standard assessment of diastolic function is measuring the mean pulmonary capillary wedge pressure and LV end-diastolic pressure by cardiac catheterization; the mean pulmonary capillary wedge pressure of >12 mmHg or LV end-diastolic pressure of >16 mmHg is considered high LV filling pressure, indicating diastolic dysfunction. [33] However, it is irrational to routinely perform an invasive procedure in the clinical field only for the evaluation of diastolic function. Therefore, noninvasive Doppler echocardiographic parameters, such as the E/A ratio, E', E/E' and LAVI, have been used to estimate the LV filling pressure. Among those, E/E' and LAVI have been shown to reliably assess diastolic function in dialysis patients, as well as in the general population. In a study of 100 patients with suspected CV disease referred for cardiac catheterization, E/E' provided a better estimation of the mean LV end-diastolic pressure-a surrogate for mean LA pressure-compared to other Doppler parameters. [34] Furthermore, E/E' but not CAD, NT-proBNP, and LA size was shown to be an independent predictor of increased LV filling pressure in 125 renal transplant candidates. [13] However, LAVI has been regarded as a marker of the severity and duration of diastolic dysfunction. LAVI was progressively increased as diastolic dysfunction worsened, and was significantly correlated with the severity of diastolic dysfunction. In addition, some investigators have suggested that Doppler parameters only provide information about LV filling at the time of measurement, while increased LAVI often reflects the cumulative effect of filling pressure over time. [18, 35, 36] Despite the presence of numerous previous studies, there is still a controversy on which parameter, such as E/E' or LAVI, provides a better predictive value for diastolic dysfunction and which parameter is a more powerful prognostic factor for clinical outcomes. Based on these findings, it has been suggested that integrating multiple echocardiographic indices is reasonable to diagnose and grade diastolic dysfunction. For example, an integration of the E/A, E', E/E', and LAVI parameters has been used by the American Society of Echocardiography to classify diastolic dysfunction into three groups: impaired LV relaxation (grade I), pseudonormal LV filling (grade II), and restrictive LV filling (grade III), by using E/A, E', E/E', and LAVI. [33] This grading system significantly predicted patients' mortality in not only the general population but also ESRD patients on chronic hemodialysis. Our study findings are consistent with those from previous studies, showing that incident ESRD patients with both E/E'>15 and LAVI>32 mL/m 2 -corresponding to grade III diastolic dysfunction-had the worst clinical outcomes. Moreover, the predictive value of E/E' plus LAVI for CV events was higher than either E/E' or LAVI. Based on these findings, it is suggested that an assessment of diastolic dysfunction using multiple echocardiographic indices can increase the predictive power of future CV events in dialysis patients. In earlier studies, LVEF provided valuable information on ESRD patients on dialysis. [37, 38] Furthermore, it was found to be a significant risk factor for all-cause and CV morbidity and mortality in these patients. In addition, both systolic and diastolic dysfunction by progressive impairment in contractility and stiffening of the myocardial wall, respectively, is known to occur in the late stage of LVH and cardiac fibrosis. [9] Therefore, the independent effect of diastolic dysfunction on clinical outcomes remains to be clarified in patients with preserved LV systolic function. However, most of the previous studies on the association between diastolic dysfunction and patient outcomes did not exclude patients with systolic dysfunction or only excluded patients with severely low LVEF. In contrast, the present study was restricted to patients with preserved LVEF, thus facilitating the investigation of the independent effect of diastolic dysfunction in incident ESRD patients.
Several limitations of this study should be discussed. First, since our study subjects were all Korean incident ESRD patients, the association of diastolic dysfunction with CV events may not be generalizable to other populations. Second, because echocardiographic examinations were performed only at the baseline, it was difficult to determine the consequence of the changes of echocardiographic parameters on patients' clinical outcomes. In addition, echocardiography alone was used to assess diastolic function, and thus it might be unsatisfactory to precisely define diastolic dysfunction. New methods, such as gated radionuclide left ventriculography and phosphorus-31 magnetic resonance spectroscopy, may be useful to evaluate early stage myocardial metabolic abnormalities. [39, 40] Third, the number of patients was not large and the number of mortality was too small to elucidate the impact of E/E' and/or LAVI on CV mortality in the current study. Fourth, the follow-up duration was relatively short. Since these patients have continuously been followed up, a better long-term study will be performed in the near future. Fifth, treatments known to influence diastolic dysfunction, including blood pressure control, use of diuretics, blockade of the renin-angiotensin system, correction of anemia, and coronary revascularization were not considered in our analysis. Sixth, even though routine chest X-rays and physical examinations were performed to judge the volume status of the study subjects, and echocardiography was done when the physicians considered their patients to be clinically euvolemia in the present study, we did not perform objective body fluid monitoring techniques such as bioimpedance, or inferior vena cava diameter or continuous blood volume measurements, which might provide more convincing results. Moreover, target dry weights of each patient were determined based on physicians' judgments. Therefore, we could not completely exclude the possibility of hypervolemia and hypovolemia at the time of echocardiography. In the future, repetitive assessment and objective determination of the dry weights of each patient will be needed to ascertain the exact body fluid balance. Finally, although the levels of NT-proBNP-a biomarker recommended mainly for the exclusion of cases of diastolic HF with normal EF-were determined and included in the analysis, we only included EF values in the inclusion criteria in our study.
In conclusion, an increase in E/E' or LAVI is a significant risk factor for CV events in incident ESRD patients with preserved LV systolic function. Our findings suggest that diastolic dysfunction, assessed by Doppler echocardiography, may be useful in stratifying CV event risk and providing a therapeutic direction for the management of these patients. 
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